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Abstract
Emergency flight path planning process was established for the failure of total loss of thrust of both the commercial 
transport aircraft and the general aviation to improve the flight safety. The process of the path planning combined the 
landing site search and the post failure trajectory generation together. The dynamic pressure schedule was substitute
for the rigid geometric preset as the restriction to ensure the smooth speed variation. Based on the variation time 
scales separation, the propagation logic without iteration was established for longitudinal states and commands. The 
top ranked landing site was selected from the approximate footprint with the radius determined by current flight states, 
according to the safe condition. Furthermore, a three step lateral trajectory generation algorithm can generate final 
trajectory and commands by linear interpolation. The trajectory can be rapidly generated for the selected landing site 
with satisfactory accuracy due to the incorporation of the coupling effects in flight dynamics, and the guidance 
commands can be tracked by basic guidance control law.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Airworthiness 
Technologies Research Center NLAA, and Beijing Key Laboratory on Safety of Integrated Aircraft and 
Propulsion Systems, China
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1. Introduction
Nowadays, aviation is more and more safe and reliable. Aircraft avionics and mechanical system are 
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improved to reduce the likelihood of failures. Nevertheless, accidents do occur, although rare. 10-6 per 
flight hour of the aircraft loss probability is a high safety requirement for aircraft design. But with the
sharp increasing of the air traffic flow, the number of the accidents is considerable. According to the 
above matter of fact, it is also important for pilots to manage emergencies when the failures arise.
Therefore, post-failure management becomes one of the fundamental issues of flight safety.
Considering the failure of total loss of thrust, it means that a powered aircraft converts to a glider 
which can only descend. Generally, there are several reasons for the total loss of thrust, such as mechanic 
failure, fuel mismanagement, bad weather, volcanic ash, bird strike and so on[1]. Moreover, it is essential 
and critical for the post-failure process to rapidly select a landing site, generate and follow a flyable 
trajectory to the landing site.
For the commercial transport airplane, fatal accidents of total loss of thrust which occur in these three 
decades are listed in table 1. Fuel mismanagement is the major failure type which leads to 5 fatal 
accidents, whose reasons include fuel calculation error, poor air traffic control, and temporary change the
terminal airport due to terrorist. Most recently, in 2009, both engines of the airbus A320 ingested birds 
and immediately lost almost all thrust, finally it successfully ditching in the middle of Hudson River due 
to the pilot’s outstanding capability.
Table 1. Total loss of thrust accidents of commercial transport airplane
Failure type Type of airplane Year
Fuel mismanagement, contamination
Boeing 767 1983,1996
Boeing 737 1989
Airbus 330 2001
ATR-72 2005
Bad weather Boeing 737 1988,2002
Volcanic ash Boeing 747 1982
Bird strike Airbus 320 2009
For the general-aviation, loss of thrust is a rather common source of accidents compared to the 
commercial transport airplane. Although the accidents in 2009 decreased compared to ten years ago, the
total loss of power is the major reasons for the accidents as shown in table 2[2]. More than 20% accidents 
related to the loss of power, because the single engine configuration is more common for general-aviation.
Table 2. Total Loss of thrust accidents of general aviation airplane in 2009
Failure type Total Fatal
Powerplant 89 16
Fuel mismanagement 74 8
Fuel System 29 2
Power loss for unknown reasons 70 7
Total power loss accidents 262 33
Total general aviation accidents 1181 233
Power loss % of all accidents 22.2% 14.2%
Basically, after total loss of thrust the aircraft will become difﬁcult to drive, and existing ﬂight plans 
might be infeasible. Although the requirements for the failure of total loss of thrust is given by 
Airworthiness Standard of transport category airplane FAR 25.671(d), which said ‘The airplane must be 
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designed so that it is controllable if all engines fail.’[3]. Nevertheless, the requirements only guarantee the 
inner loop controllability by means of the auxiliary power unit (APU) and ram air turbine (RAT) which 
give the power of flight control system for basic control and augmentation. The safe landing task 
requirement, or called basic function of the aircraft is not sufficiently embodied by this clause of the 
airworthiness requirement. According to this clause, the safety landing after total loss of thrust should be 
handled only by the pilot.
But a series of perfect decisions and actions are the only way for the pilot to save the aircraft with the 
failure of total loss of thrust, such as verifying the failure and its cause, affirming the necessity of 
emergency landing, searching the suitable landing site, planning the flyable trajectory and following the 
trajectory without violating the physical restriction, struggling against the reduced flight performance. The 
pilots on the A320 and A330 with both engine failures, luckily conquered this almost impossible 
emergency landing mission by their courage and unmatched skill. Unfortunately, it is not replicable for 
other normal pilot. So other accidents in Table 1 all lead to a crash and kill most the passengers.
Therefore researchers design the flight management architecture to assist the pilot during emergencies 
for improving flight safety, such as the Emergency Flight Planner (EFP) proposed by Chen and Pritchett[4].
Their EFP architecture includes an automatic plan generator, trajectory predictor, autopilot, pilot interface,
and model identiﬁcation tools. Atkins’s team uses this tool for emergency flight planning applied to total 
loss of thrust[5]. The implementation of the adaptive flight planner is divided into two separated step 
process: landing site search and segmented trajectory planner. After ranked the landing site in the 
reachable footprint, the top rank landing site is selected as the final point for the waypoint segmented 
trajectory generation algorithm to dynamic plan the flight path. This method is also used for post 
analyzing trajectory generation process of the accident of bird strike on Airbus 320 in 2009, whose 
ditching site is in Hudson River[6].
Analogous architectures are also built for fully autonomous fault management which is required for 
development of UAVs[7]. Fight planning and adaptive control modules are used for fully autonomous fault 
management. A hierarchical control architecture with layers is defined for strategic decision making, 
tactical planning, and reconfigurable flight control for the post failure plan.
The spacecraft reentry is the earliest application of the unpowered approach and landing. Several 
methods are used to generate the reference trajectory depends on well-defined geometric segments[8], just 
like the method of Atkins’s team. This assumption restricts the flexibility of the trajectory shape. On the 
contrary, other methods which are preferred generate trajectory by setting some trajectory parameters as 
the restriction for solving the dynamic formulation without limitation of rigid shape of the trajectory[10].
According to the review of the robust emergency flight management, this paper focuses on the landing 
site searching and post failure trajectory generation for total loss of thrust emergency. Firstly, the overall 
post failure landing site search and trajectory generation process is described. Then, the algorithm of 
trajectory generation is adapted. The results are presented for a transport aircraft with total loss of thrust.
Note that this work assumes the aircraft can ignore other trafﬁc because declaration of an emergency will
enable priority handling by air trafﬁc control.
2. Adaptive Flight Path Planning
The aim of the adaptive flight path planning is to find the safe and reachable landing site and rapidly 
generate the flyable trajectory for pilot or autopilot to follow. Particularly, there are two tasks: 1) selection 
of a feasible landing site and 2) generation of a landing trajectory within the degraded ﬂight performance
envelope. The previous work separated these tasks into two steps, which are landing site search and then 
trajectory plan. But the top ranked landing site which is selected in the first step might not be feasible for 
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the trajectory generation. In this paper, the landing site selection and adaptive trajectory generation are 
synthesized in figure 1.
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Fig. 1. Adaptive flight path planning process for total loss of thrust
After total loss of thrust accident occurs, the exact number of nodal points is predetermined by dividing 
up the interval between the starting and final altitudes by path planning algorithm. The altitude, speed, 
heading and location of the final note are determined by the initial condition of landing flight phase, so 
called Approach and Landing Interface (ALI). Firstly dynamic pressure is scheduled, which makes the 
velocity decrease smoothly and controllable. According to the mass point 3 Degree-of-Freedoms(DOF) 
dynamic equations, the longitudinal trajectory parameters and commands of every trajectory note are 
propagated based on the assumption of the monotonous decrease of the altitude. The flight distance down 
to the ground with fixed bank angle can be determined by the flight path angle of all altitude notes. The 
landing sites’ information within the approximate circle footprint with the radius of the above flight 
distance can be acquired from the landing site database which contains the airports and the places fitting 
for emergency landing. All of the landing sites in the footprint should be ranked according to the safe 
conditions, including runway length, runway width, instrument approach quality, facility availability 
measure and so on[5]. The Maryland research team’s method of integration of the safe conditions can be 
used in our planning process. The top ranked landing site is selected for fixing the final note of the 
trajectory.
Lateral trajectory parameters and commands are decided by three-steps turning the trajectory notes 
from the initial straight path until the final note of the path is coincide with the desired approach and 
landing interface. Otherwise, the selected landing site is unreachable and should be omitted, although it is 
within the approximate footprint. The substitute landing site should be used for generating lateral 
trajectory again. Finally, the post failure trajectory and its commands are generated for the suitable 
landing site.
3. Trajectory Generation Algorithm
Trajectory generation is started from a preset dynamic pressure profile, similar to the energy profile but 
dependant on the altitude instead of the range-to-go. A group of constant roll angles were then introduced 
to numerically solve the required flight path angles and angles of attack. After that, the heading angle, the 
roll angle and the ground track were determined according to the initial and the ALI requirements[11].
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3.1. Dynamic Formulation
In the emergency flight phase after total loss of thrust with the Mach number normally dropping below 
0.85, the flat earth model is accurate enough[12], and the zero-sideslip and no-wind assumptions are 
reasonable for generating guidance reference trajectory.
For convenience of the trajectory generation application, the dynamic equations are reformed. In the 
total loss of thrust emergency flight phase, the altitude is monotonically decreased, and hence, this 
potential-energy representing variable can be used as alternative independent variable of the flight process. 
Another substitution is using the dynamic pressure for the flight velocity, in view that the dynamic 
pressure varies much slower than the velocity (the air density increasing and the velocity tending to 
decrease with the altitude descending). Therefore, the dynamic pressure becomes a more robust variable. 
Moreover, dynamic constraints on the vehicle flight as the structural limitation and the ALI target 
conditions are expressed in terms of the dynamic pressure. Thus, the equations are transformed as in (1).
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Where, γ, µ, χ are the flight path angle, the roll angle and the heading angle respectively; and  ρ, g, V, S,
W are the air density, the acceleration of gravity, the flight velocity, the wing area and the weight. CL, CD
are the coefficients of lift and drag, and q is the dynamic pressure. 
3.2. Scheduling the Dynamic Pressure
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Fig. 2. Dynamic pressure schedule
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In term of altitude, the dynamic pressure schedule is equivalent to the assigned energy profile, aligned 
with the description of motion dynamics, and can avoid the error due to inaccuracy of the range-to-fly 
estimation. The scheduling is based on the maneuverability of the vehicle and the requirement on the 
ground track length.
The derivative of the dynamic pressure is also continuous as shown in fig.2. A smooth schedule links 
between the two boundary point’s dynamic pressure, which keeps the aircraft fly in a quasi steady glide.
Generally speaking, a higher dynamic pressure flight means a steeper flight path and shorter ground 
track, that gives adjustable margins for real ground track length cases. In addition, at higher dynamic 
pressures the lateral maneuverability will be further limited.
3.3. Longitudinal Trajectory Generation
The process of the longitudinal trajectory generation is the propagation of the longitudinal parameters 
and commands based on the scheduled dynamic pressure profile at given lateral maneuvering condition.
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Fig. 3. γ, dχ/dh, α schedules at different roll angles
The α and γ are solved by numerical propagation along the downward altitude according to the first 
two longitudinal equations in (1). If the altitude range is discretized into n-segments, and the state at the k-
th altitude node is known, assuming that the αk controlling CD,k and CL,k and hence the state at the (k+1)-th 
altitude node, so the propagation equations are in (2).
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Solving αk from the second equation, and γk+1 from the first equation, all the solution can be propagated
from the initial state to γn and α n-1 along the altitude nodes. Normally, the dynamic equations should be 
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solved by iterating in each altitude node. Our propagation process avoids iterating and saves the algorithm 
consuming time.
According to the dynamic pressure schedule, the longitudinal command and state parameter lookup 
tables can be generated at a series of roll angles µ = [0,µ1,…,µn] (Fig.3). The ability to change the heading 
angle is enhanced with altitude decrease. And the increase of roll angle leads to higher angle of attack and 
deeper flight path angle.
3.4. Footprint for Reachable Landing Site
The approximate footprint is a circle zone with the radius determined by the initial flight speed and 
altitude. And the center of the footprint is the current location of the aircraft. Fig.4 shows the radius’
variation with the altitude according to the dynamic pressure schedule(Fig.2). The radius shrinks when the 
aircraft descents. In consequence, the reliable decision for the suited landing site which is the final note of 
the trajectory used for generation lateral ground track, should be determined as early as possible. 
Moreover, the footprint is the just approximate, so top ranked landing site searched from the database 
needs to be checked by the success of trajectory generation.
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Fig. 4. Radius of footprint vs. altitude
3.5. Lateral Trajectory Generation
The lateral maneuvering pattern is basically defined as the rapidest successive turn, starting from the
point of the failure occurance, checked node by node, with three main segments to satisfy the 
requirements on the terminal heading angle, the crossrange and the downrange respectively. Without fixed 
geometry, the present lateral maneuvering pattern provides flexibility for various flight path cases, and the 
rapidest turning help achieve the terminal objectives quickly. The laterally solving step also needs an 
iterative loop to update the roll angle used in (2) and the flight path angle and angle of attack in the third 
equation of (1) for lateral solution. However, iteration is time consuming as mentioned above. 
Due to good relevance of the state variable variation with the roll angle in the lookup table(Fig.3), the 
final solution of the longitudinal states can be determined by linear interpolation, rapid enough while 
resulting in negligible errors according to our application experience.
The final ground track is not necessarily unique and should meet all the constraints and terminate at the 
ALI positioning at the origin and aligning with the x axis in the present coordinate system. To find an 
appropriate solution, three successive rotating steps for a initial straight trajectory with no roll angle are 
assigned to eliminate errors in the heading angle χ，the crossrange y and the downrange x (Fig.5). 
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Fig. 5. Three step logic for ground track generation
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Step 1, rotating to be aligned with the runway. Starting from the initial point of the straight line 
trajectory, the vehicle turns at the maximal capability limit by a node-to-node trial-and-error procedure, 
until its heading is aligned with the x axis. (Figs.6~7, the dotted lines)
Step 2, rotating to eliminate the error of crossrange y. Depending on the crossrange location of the final 
node with respect to the ALI after step 1, two turning modes are options for the turning direction of the 
first note. In the first turning mode the vehicle turns back to zero the crossrange in the opposite direction 
of step 1 (Fig.6(a), the dashed line), and in the second turning mode the vehicle keeps turning further 
along the same direction as in step 1 (Fig.6(b), the dashed line). Turning ends when the crossrange of the 
vehicle from the extension of the runway is zero, while in numerical solving the turning ends when two 
trajectories are generated which terminate at the opposite sides of the x axis, and the desired trajectory is 
taken out by interpolation.
Step 3, rotating to eliminate the error of downrange x. The terminate node is beyond the ALI, which 
means the additional maneuver is needed for dissipating the redundant energy(Figs.6, solid lines). If failed 
after the above solving loop, and the energy is innately short, then the dynamic pressure profile has to be 
modified to lower dynamic pressures, and a outer solving loop begins.
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4. Simulation Results
Take the typical transport aircraft as the example. The initial post-failure state is set at altitude 11km 
and Mach number 0.78, while the ALI state is set at altitude 0.5km and Mach 0.25. The dynamic pressure
is scheduled as in Fig.2. There are no wind and the change of configuration. To establish the lookup table 
for longitudinal state variables and commands, the roll angles are set as in view of the maximum 
permitted roll angle of 15 degree for the consideration of travelling comfort and flight safety.
                                     [ ]0,10,15µ =                                                           (3)
-150 -100 -50 0
-20
0
20
40
Downrange (km)
C
ro
ss
ra
ng
e 
(k
m
)
0 2 4 6 8 10 12
-4
-3.5
-3
-2.5
Altitude (km)
P
at
h 
A
ng
le
 (
o )
0 2 4 6 8 10 12
-100
-50
0
50
100
Altitude (km)
H
ea
di
ng
 A
ng
le
 (
o )
0 2 4 6 8 10 12
4000
6000
8000
10000
Altitude (km)
D
yn
am
ic
 P
re
ss
ur
e 
(P
a)
0 2 4 6 8 10 12
0
2
4
6
Altitude (m)
A
ng
le
 o
f 
A
tt
ac
k 
(o
)
0 2 4 6 8 10 12
-20
-10
0
10
20
Altitude (km)
R
ol
l A
ng
le
(o
)
Algorithm
Simulation
Fig. 7. Simulation results
Basic guidance law is adopted for simulation. The roll angle and the angle of attack are the only 
controller for the autopilot. The roll angle only controls the heading angle and crossrange, meanwhile the 
angle of attack controls flight path angle, downrange and dynamic pressure, for the sake of limited 
controller’s ability for the failure of total loss of thrust. The simulation result is shown in Fig.7.
Besides, the result of the path planning can also be applied for aiding the pilot by giving the 
information about the selected landing site, relevant nominal trajectory states and commands. The display 
instruments should be arranged so that the pilot can get enough information and recommendation to steer.
As Fig.7 shows, that the generated trajectory can be well tracked by the basic guidance law, and the 
inner loop commands are reasonable small, which means the established algorithm can incorporate the
flight dynamics characteristics of the vehicle to generate the trajectories.
Furthermore, the influence of the wind and terrain will be further research. And landing descent with 
landing gear down should be carried out at the end of the nominal trajectory (ALI). The switch to the 
landing phase can be adaptive changed to smoothly link the trajectories of two flight phase.
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5. Conclusion
1) Emergency flight path planning can help search suitable landing site and generate relevant trajectory, 
which can improve the safety after the failure of the total loss of thrust for both commercial transport 
aircraft and the general aviation.
2) Landing site selection and post-failure trajectory generation are integrated to improve reliability. 
The criterion of the suitable landing site is whether the trajectory can be generated, rather than the aircraft 
location in the approximate footprint.
3) The propagation of the longitudinal states and commands is efficient and accurate enough. And it 
also gives the radius of the approximate footprint of reachable landing sites. The lookup table technique is 
considered of the lateral coupling effect.
4) The three step ground track generation logic can eliminate the limitation of rigid geometry definition 
and provide flexible flight mode while run efficiently.
5) The established post failure trajectory generation algorithm and process shows to be trackable, 
adaptive and accurate. It can be applied for both autonomous flight and pilot’s aid. Further research is 
needed for the on-board application considering the effect of wind and the change of configuration.
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